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We have identified three top-priority near-term science objectives to- 
gether with missions to accomplish these goals. The three problems A vigorous program of education and public outreach will bring the 
span a diverse range of subdisciplines, of observational technique, of wonderful array of past and current scientific achievements in this theme 
timescales, and of cost, and are thus complementary, forming a coher- to the public, 
ent core program for the SEU theme in the 2003-2007 timeframe. 
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5.3 Visions Mission 

5.4 Scientific Missions Beyond the Horizon 
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structure and evolution of the Universe. This involves observations of r i a i that doesn’t produce any light. We see flashes of gamma rays 
physical phenomena at the limits of our understanding, operating on that are momentarily as bright as the rest of the entire Universe, 
scales which challenge our imagination. In a sense these activities are Stellar systems can “shine” by gravitational radiation, which will 
the frontiers of the human interpretation of our existence, provide intimate perspectives into the properties of black holes and 

neutron stars. 



Our new discoveries on the path to understanding the structure unveils several completely new and promising mission concepts that 
and evolution of the Universe need names that did not even exist a give an invigorating long-term picture for the SEU Theme. It is 
few decades ago. Words like “black hole,” “quasar,” and “Big Bang” these differences and additions that, as pointed out in the earlier 
have been thoroughly adopted by our culture, both as highlights of SEU Roadmap, are indicative of a vibrant scientific discipline, 
our explorations as well as metaphorically, In addition to the scien- As before, this Roadmap also benefits from an extensive heritage 
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cialized but vexing problems in astrophysics, in the new smaller, Qus new questions; What is the origin of the expansion? How ex- 
faster paradigm. actly did this big bang transpire? What will be the ultimate fate of 

In order to guide this process, the Structure and Evolution of the the Universe? Will it expand forever or eventually recollapse? What 
Universe Subcommittee (SEUS) has produced this Roadmap, an is the shape or geometry of our Universe? Is it flat like a piece of 
integrated long term vision of the science program encompassed by paper? Or curved like the surface of a sphere or potato chip? Where 
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Universe today. What is the dark matter known to dominate the 
mass of the Universe? What was its role in the origin of the rich- 
ness of structure in the Universe today? When did gravitationally 
collapsed objects first form? Was the growth of structure bottom 
up, with stars and star clusters forming first and then gravitating 
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affect subsequent star formation. As stars are born and die in galax- is certainly less than 10 7 G (and may be much smaller than this), 
ies, and as galaxies collide and merge, these violent events sweep The temperature when a neutron star is formed is about 10 10 K, but 
the accumulated gas into the space between galaxies. Recent X-ray the temperature of deep space is only 2.7 K. The kinetic energy of 
observations show this ancient gas and allow us to begin to trace the individual atomic or nuclear particles extends from about 10' 3 eV for 
effects of stars on the chemistry of the Universe. atoms in the cold, interstellar gas to over 10 20 eV for the highest 
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under conditions when the gravitational forces are very strong. In If galaxies are dominated by dark matter, then they can be thought 
addition, the theory of relativity predicts the existence of gravita- of as essentially invisible gravitational potential wells in which stars 
tional radiation, ripples in the fabric of spacetime itself. Observa- follow complex orbits moving with characteristic speeds of about 
tions of gravitational waves will allow new tests of relativity theory 300 km/s. In addition to the stars, elliptical galaxies contain hot, X- 
and also give us fundamentally new astrophysical information about ray emitting gas that extends to radii well beyond where stars can 


2 <-> 
X c3 


X ^3 
^ C 

<4— i C3 
0 

<U X 
b 03 

3 13 

2 

<D <U 
O. X 

g £ ^ 

B o ^ 


73 D 

S ^ 

c 3 O 

>> e 


C3 

OJ 

E? 

c3 


S2 £ 

D r- 

73 E 

(U 

*5 X 

C3 

bX) ^ 

c a) 

• i— i 

Cu 

O C3 
2 Oh • 

S ° S 

g '-S 

PQ 0-> Vh 
73 Si 
73 C 

£ S S 


c 

o 

H— > 

D 

X 


C s 

o 43 

<U C3 f-i 

£5 


C/3 

X) 

o 


C 

D 

bX) 

a 

c3 

C/3 

<D 

> 

£ 

o 

C/3 

X 

a 

<D 

X 


C/3 

c 

O 

bX) 

0) 


> 

c3 

bX) 

bX) 

C 

o 


C/3 

H— * 

’3 

13 

> 


.3? 73 
X Si 
(D C3 
X *“• 



X od 

ass 

cd >• 4— » 




8 g 
STS 


as well as ground-based optical telescopes. using NGST. Again we see a strong connection to one of the quests 

Through approved missions including MAP, as well as investiga- ASOPS Roadmap, 

tions with HST and Chandra, we should have, early in the next de- This campaign has so far assumed a standard model of cosmology 

cade, a good understanding of the primary cosmological parameters that attributes structure formation to gravitational instability in cold 



dark matter. There is an alternative view that would be of great temporary astrophysics. With certain fascinating exceptions, we 
interest to physicists, if it turns out to be correct. This is that phase understand how a star evolves and shines as it ages from youth to 
transitions in the very early Universe left it scarred with a variety of senescence, all the while converting hydrogen and helium fuel into 
topological defects, rather like the dislocations and grain bound- heavy elements. These heavy elements are released by stellar winds 
aries that interrupt the crystal structure of a rapidly cooled metal, and supernova explosions and spread throughout the interstellar 
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is an impediment to observation because it makes galaxies opaque, remnant from a stellar explosion approximately 900 years ago was 
preventing us from easily seeing into them, and distorting their spec- discovered in the Vela region of the sky through its gamma-ray and 
tra in ways that are hard to quantify. However, when we look at X-ray emission. 

these same galaxies at far infrared and submillimeter wavelengths. Another way to monitor the recent formation of elements is to 
we see the dust as a bright source. All the optical and ultraviolet observe the products of radioactive decay in our own Milky Way 



Galaxy and its satellites. This can be done using gamma-ray obser- observations can detect thermal radiation from the dusty cocoons 
vations of the decay products of short lived nuclei like 56 Co, as hap- around embryonic stars. Infrared spectroscopy also will determine 
pened with the bright SN 1987 A in the Large Magellanic Cloud or the density and temperature as well as the composition and size of 
of longer-lived species like 26 A1 throughout the interstellar medium the dust particles in the proto-planetary disks around the forming 
of our Galaxy, which measures supernova activity over the past stars. Submillimeter spectroscopy can determine motions in star- 



O U 
a n a 


a 2 M 

Q JC3 Q 

S ** 43 

§ a ^ 

a o <d 
w > 

C/3 X> CO 

<D o SS 

— 1 03 



reveal how stars and their winds contribute to the low energy cos- holes in active galactic nuclei (AGN), the gaseous fuel comes from 
mic rays in the Galaxy. the central star cluster and gas that simply settles into the galactic 

Through high spatial resolution observations, we also can explore " ucleus - As ,his falls dee P er int0 ,he « ravitational P° ten(ial wel1 
the state of the interstellar material in external galaxies. This gives of black hole - its ““W is “"verted into heat through dtssipa- 



The most powerful active galactic nuclei are called quasars. These 
are so bright that they outshine the surrounding galaxy. While all 
Energetic, collimated, galaxies may have passed through active phases, and thus may still 

relativistic outflow harbor giant black holes at their centers, we know from observa- 

accompanying the black hole tions that AGN were much more common at earlier epochs than at 
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ing, and, on larger scales, X-ray imaging, should elucidate the ac- celerators have been identified with specific sources; AGNs and 
celeration processes by which the relativistic electrons and positrons pulsars are examples. However, some of Nature’s most extreme 
responsible for the non-thermal emission are created. Ultra-sensi- accelerators are still unidentified. Two examples that stand out are 
tive ultraviolet and X-ray spectroscopy is the unique tool for under- the sources of cosmic gamma-ray bursts and of ultra-high-energy 
standing the details of the accretion process by measuring directly cosmic rays. 





Cosmic gamma-ray bursts are intense flashes of gamma-rays which We have a reasonably good interpretation of how cosmic rays of 

last from milliseconds to hundreds of seconds, during which they low and intermediate energy are accelerated at shock fronts formed 
dominate the gamma-ray sky. The study of these mysterious ob- by solar flares and supernova explosions propagating though the 
jects has undergone a revolution in the last two years, spurred by interplanetary and interstellar media respectively. However, we do 
the discovery of X-ray, optical, and radio counterparts, which fade not understand the origin of cosmic rays of energies more than about 
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subject. Independent of their origins, gamma ray bursts can pro- Whenever we push back the frontiers of cosmic discovery, we re- 
duce optical and X-ray emission that is brighter than that of any veal the unexpected. As there are still extremes to be explored for 
other high redshift source. This provides new tools for measure- the first time, we are confident that there are more surprising dis- 
ment of the gas and dust content of early galaxies and the interstel- coveries like these waiting to be made, 
lar medium at high redshifts. 
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The strong gravitational fields around black holes may be probed waves can be detected interferometrically by observing the change 
by observing the radiation emitted by accreting gas. As we have in distance between separated test masses. The fractional changes 
described, this is expected to orbit in a disk before eventually being predicted to be observed near Earth from likely sources of gravita- 
swallowed by the hole. The mass of the hole can be found if the tional waves are of the order of 10' 20 or smaller in the low frequency 
velocity of the orbiting gas (or stars) at a known distance from the (10' 5 -10 1 Hz) band accessible with space experiments. Second, 



once generated, gravitational waves interact so weakly with matter orbiting millimeter or submillimeter telescopes might be able to 
that they propagate with negligible scattering or absorption. This achieve this goal. Achieving this imaging capability at optical wave- 
means that, unlike electromagnetic waves, gravitational waves pre- lengths is also one of the goals of the ASOPS theme. Although 
serve information about the strong-gravity, high-velocity regions technically difficult. X-ray interferometry will offer yet another 
where they are generated, unconfused by subsequent scattering or window on this problem. 
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lution of better than 1 parcsec would be necessary. Unfortunately, The current SEU program is a mix of operational missions and those 
it will not be possible to achieve this fine a resolution using radio awaiting completion and launch. It has been characterized by a 
telescopes because the interstellar medium has its own “seeing” and high success rate, both in terms of technical performance and in 
blurs images just like our own atmosphere at optical wavelengths, terms of fulfilling, and usually exceeding, science goals. In recent 
However, an array of very long baseline (more than a million km) years, it has also been especially responsive to the call to make mis- 
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tides, and anomalous and galactic cosmic rays. ACE was success- our Universe. Chandra was launched on July 23, 1999, and the first 
fully launched on August 25, 1997, and is currently taking data on light X-ray image of the supernova remnant Cas A is shown on the 
orbit at the L 1 Lagrange point (a position of Earth-Sun gravitational cover of this document. At the time this Plan was written, the spec- 
equilibrium about 1.5 million km from Earth and 148 million km tacular imaging and spectroscopic performance of the observatory 
from the Sun). ACE’s nine scientific instruments measure the el- had already been demonstrated on multiple cosmic sources. 
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Planck. ESA’s Planck mission will represent the third step in ing time eventually becomes available to guest observers around 
measuring the CMB from space, with angular resolution and sensi- the world over the first two years, 
tivity better by factors of more than 2 and 5 compared to MAP, 
respectively. Moreover, with frequency bands from 30 GHz to 857 

GHz, Planck will provide maximum discrimination between the 5 MlSSlOn Portfolio 
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Complementary SEU Missions Target the Campaigns with 
Increasing Technical Sophistication and Scientific Insight 
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objectives together with missions to accomplish these goals. The ate compared with typical OSS new starts, we propose it here, as its 
three problems span a diverse range of subdisciplines, of observa- schedule, driven by that of ISS and its payloads, makes it unsuitable 
tional technique, of timescales, and of cost, and are thus comple- for the Explorer program, 
mentary, forming a coherent core program for the SEU theme. 
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tial resolution capabilities of Chandra. Thus the targets of Constel- formation on chemical enrichment processes as well as detailed 
lation-X are not speculative, but rather will be largely well-cata- measures of plasma temperature, pressure, and density over a wide 
logued by the current generation of sensitive imaging missions. range of astrophysical settings. 

Constellation-X will address questions concerning the extremes Constellation-X was included in the 1997 OSS Strategic Plan as a 
of gravity and the evolution of the Universe. X-ray observations of candidate New Start for 2004, requiring significant technology in- 
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to kHz frequencies. Such waves are produced by objects such as the low (LISA) and high (LIGO) frequency bands. 

supemovae, coalescing neutron stars, and coalescing stellar mass LISA’s scientific objectives are: 
black holes. Another very interesting spectral range is the millihertz 

region (signal periods of minutes to hours). Here the strongest pro- * To make the first observations of gravitational tvaves from 
totypical source might be two coalescing massive black holes in an supermasstve black holes in galactic nuclei. 
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the dynamics and structure of our Galaxy. Their impact is largely sustain this population 
hidden from us, since the magnetic fields and shock structures with of energetic particles. 

which they interact are not directly visible to us, so we must study 
them by detailed measurements on the arriving particles themselves. 



connection of cosmic rays with supemovae. A small steepening, or To collect enough of the very high-energy cosmic rays, ACCESS 
“knee,” in the slope of the power law energy spectrum of cosmic must be a very large instrument, with several square meters effec- 
rays near 10 15 eV is thought to be associated with the maximum tive collecting area. To provide an energy estimate for lighter cos- 
possible energies achievable by direct supernova shock accelera- mic rays, ACCESS must also contain a calorimeter. These features 
tion of cosmic rays. ACCESS has a large enough collecting power combine to make ACCESS by necessity a large and heavy instru- 
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Energetic X-ray Imaging Survey Telescope (EXIST) on ISS 
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ARISE requires technology development in several areas, includ- 
ing lightweight deployable optics, low-noise HEMT amplifiers, ac- 
tive cryocoolers for 20K, and very broadband (8Gb/s) downlink 
communications . 
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the unique CMB polarization pattern they produce. If the energy a unique probe of the high-redshift Universe. It can be used in prin- 
scale of inflation was well below that expected in grand unified ciple to measure the Hubble constant and deceleration parameter, 
theories (GUTs) of particle interactions, then the polarization pat- determine the peculiar velocities of clusters, and the abundances of 
tern will be too small to be detectable. However, if inflation was clusters. Until recently, it was believed that these goals could only 
related to GUTs, as most theorists surmise, then the CMB signature be achieved with X-ray observations that determine the cluster’s 
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decade with a tocused technology development program. tions requiring technologies beyond the current development plans. 

Sunyaev-Zeldovich Mapper. The hot electron gas in clusters In this section, we identify some compelling scientific questions 
can scatter cosmic microwave background (CMB) photons and thus from our Quests and Campaigns that will likely develop into mis- 
distort the energy spectrum of CMB photons observed coming sion concepts as a result of the returns from the missions identified 
through clusters. This Sunyaev-Zeldovich (SZ) effect will provide above. 
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Results from early SWAS observations of both giant and dark cloud The Galaxy Evolution Explorer (GALEX) is a SMEX mission 
cores, evolved stars, external galaxies, and planetary nebulae con- that will map the global history and probe the causes of star forma- 
firm some elements of our prior understanding of interstellar chem- tion over the redshift range 0 < z < 2, 80% of the life of the Uni- 
istry. They also pose several new puzzles. In particular, SWAS has verse, the period over which galaxies have evolved dramatically, 
confirmed that warm (T > 300 K) molecular gas gives rise to abun- and the time that most stars, elements, and galaxy disks had their 
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MISSION I PRIMARY SCIENCE INSTRUMENT GOALS SIZE TECHNOLOGY 
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first demonstrated on rocket flights. It is important to recognize no t, therefore, surprising that many of the premier experimental as- 
that this is increasingly true in the new “faster, better, cheaper” era, trophysicists in the country had their start working on rocket and 
with an aggressive Explorer program which aims to develop and balloon instruments, 
construct satellite instruments in very short time frames. To reduce 



9 Outreach and the Public Mandate 

The International Space Space science has captivated the public interest. From the possibil- 

Station will offer unique ity of life on Mars, to bursts of gamma rays that are momentarily 

capabilities for selected brighter than the entire Universe, to magnetars that could pull the 

SEU missions. keys out of your pocket at the distance of the Moon, the excitement 



tine astronaut servicing of instruments on orbit and this could facili- public outreach as a core element. Inviting and illuminating Web 
tate investigations of wider scientific scope and longer lifetime in sites have become the de facto standard for making the real-time 
comparison with other carriers. connection between our missions and the public. These sites allow 



The Public Appeal of SEU: What’s Out There? 
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The Public Appeal of SEU : Pushing the Limits 
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The SEU Missions are the Cosmic Journeys , 
fundamental to our Reaching for the Stars 



10 Technology tific needs. 

The technical content of the SEU Roadmap is extremely diverse a 5. Integrated Technology Strategy. SEU will coordinate its tech- 
consequence of the wide-ranging nature of the SEU investigations nology developments with the other Space Science themes to 

themselves. Of paramount significance is the enormous range in identify leveraging and cost sharing opportunities. 




Inflatable Structures: NGST — ► ARISE 
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cosmic rays 

Micro-newton thrusters 
Drag-free control 

Thrust 2-20 |J.N to oppose solar pressure 
Controllable to 0.1 pN for nanometer positioning 
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The ACCESS transition radiation detector uses a large number of mm. If NGST instruments go to wavelengths longer than 5 mm, the 
gas-filled detector tubes for the transition radiation X-rays gener- mid-IR telescope short wavelength requirements can be relaxed. The 
ated in the radiator material. A key issue in this detector is the fab- NGST telescope technology would be satisfactory with hopes for 
rication of a tube design using materials sufficiently thin to admit extension to larger aperture. It is not expected to be difficult to 
X-rays but which have low leak rates for the detector gas. Several provide active cooling for the difference between the NGST tele- 
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higher than the 40 keV currently specified for the Constellation-X by ~2 orders of magnitude relative to the normal incidence case, 
hard X-ray optics) will require more complex multilayers with a The concept is to create pairs of diffraction limited wavefronts and 
larger number of layers, smaller minimum periods (< 15 A), and steer them together at a small angle. The flatness requirement is 
small interface widths. Low-mass 10" mirror substrates are also (A.HeNe/200 or better where A,HeNe=6328A). Flats of this quality 
required. Long focal lengths (20-50 m) can significantly ease the are commercially available with a diameter of ~10 cm. 



The feasibility of this approach was demonstrated in the labora- CCDs will also play a central role in the mission. A very large array 
tory in the spring of 1999, using flats to steer two X-ray beams is required to acquire the target through the interferometer and com- 
together at the MSFC X-ray stray light facility. For the MAXIM plete the fine pointing. If concentrating optics are used to make the 
pathfinder, the flats will need to be 1 m long to compensate for the mission more compact, then CCDs with micron-sized or smaller 
reduction in collecting area due to the grazing incidence geometry, pixels will be of value. 
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ting Fresnel lens system. This is made from a plastic material which To achieve these goals requires a lightweight 25 m antenna in 

must also be radiation tolerant. Since the nitrogen fluorescence arises space, with effective 0.2-0.3 mm rms surface (including correcting 
in a narrow range of wavelengths, enhanced signal to noise in OWL secondary) and high-sensitivity receivers operating between 8 and 
can be provided by a large UV filter in the imaging path. Present 86 Ghz. ARISE’s -3,000 x 40,000 km orbit will produce best angu- 



lar resolution of 15 microarcsec for imaging. The principal tech- once the MAXIM Pathfinder has demonstrated a basic capability, it 
nology development requirements for ARISE are (1) lightweight 25 will be a relatively straightforward upgrade to the full up MAXIM, 
m inflatable antennas, with good surfaces, (2) space-qualified low- The major additional technology development required will be sta- 
noise amplifiers operating as high as 86 GHz, and (3) long-life 1 SK tion keeping and metrology over the 100 to 1,000 m separations, 
cryocoolers. It is important to note that suitable antennas are being 



b ha 

O tz> a> 


ment efforts. ted. These detector arrays would enable explorer-class missions of 

An attractive feature of the MAXIM design is that angular resolu- significant capability and they would be a very appealing focal plane 
tion is improved through increasing the separation of the input op- for SPECS - At 10-19 W/sqrt(Hz), these detectors offer sensitivity 
tics and moving them away from the combiner in a linear fashion a * :)OUt a ^ actor ^0 greater than the present state of the art and 
without increasing the absolute positional tolerances required. Thus, multiplexing concepts provide comparably large benefits in format. 
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The leading candidates for a 1 .5 to 8 K cooler are a turbo-Brayton the near term missions, Constellation-X and LISA; the medium to 
cooler (a turbine-based reverse Brayton cycle cooler) and a sorption long term missions SPIRIT, SPECS, MAXIM; and future very large 
cooler (a Joule-Thompson [J-T] cycle cooler with sorption com- aperture X-ray missions. Of these only Constellation-X does not 
pressors). Both of these coolers potentially have extremely low re- have a requirement to keep the individual spacecraft at precise or 
sidual vibration and can meet the temperature and cooling require- precisely known distances from each other. 
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can be accomplished with a small propellant mass. • Long stroke retro-reflectors, cat’s eyes, or flats with very low power 

The second priority for future SEU formation flying missions is dissipation 
for measurement of distance and direction to other spacecraft. The * Baffling concepts for protecting cold optics from seeing warm space- 

basic capability should be demonstrated by the ST3 mission’s laser craft parts 

ranging and direction finding capability. Development of this capa- Large, very lightweight cooled telescope mirrors and folding flats 
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Compton telescope (ACT) and focusing mission such as the High- ing X-ray CCD. Chandra and at least three other NASA connected 
sensitivity Spectroscopic (HSI), designed for nuclear line measure- missions scheduled for launch within the next six months (XMM, 
ments up to 200 keV. While CdZnTe sensors can achieve spectral ASTRO-E, and HETE-2) will rely heavily on this capability and 
resolution of 300-500 eV FWHM at energies below -100 keV, ger- other missions in various stages of development (from SWIFT to 
manium strip and pixel detectors offer the possibility of achieving Constellation-X) plan to use CCD detectors. Although CCD detec- 
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onstrated the spectroscopic imaging capabilities of the photon count- 



ers with equally strong scientific motivation but which will require 
a decade to bring to fruition. Our Roadmap is innovative in that it 
has broken away from the old, wavelength-specific way of doing 
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